Abstract. An overview of the literature for the last twenty years on the fracture mechanics of unidirectional fibre reinforced polymer composites is presented. Pure mode (I, II, and III) as well as mixed mode longitudinal cracks (i.e., cracks that prolongate along the fibres) are considered mainly. It is shown that the strain energy released rate is the most widely used parameter for fracture toughness characterization. Various solutions for determination of the strain energy release rate in composites using linear-elastic fracture mechanics are presented. Studies on fracture in composite sandwich structures are reviewed, too. Some analyses of damages and their influence on fracture behaviour also are considered. Topical problems of composite fracture mechanics are formulated.
Introduction
Recently, the application of fibre reinforced composite materials in various branches of the techniques (mechanical engineering, shipbuilding, aeronautics, civil engineering, car industry) has undergone a huge development. The basic advantage of the composites is their high strength-to-weight ratio in comparison with the conventional structural materials. Therefore, they are very suitable for application in load-bearing structures, where the low weight is of primary concern. In the civil engineering, the composites are used for reinforcing of concrete structures [1, 2, 3, 4, 5, 6, 7, 8, 9] . Studies on application of composites for strengthening of steel bridges have been published, too [10, 11, 12] . Technologies have already been developed for reinforcing masonry walls by composites [13, 14, 15] .
In the present article, unidirectional fibre reinforced composites are considered mainly. Their increasing application is due to well developed manufacturing technologies [16, 17, 18, 19, 20, 21] . Unidirectional fibre reinforced composites possess high strength and stiffness in the fibre direction. However, their tensile strength in transverse direction (i.e., perpendicular to the fibres) is relatively low. Therefore, they are rather susceptible to initiation and growth of longitudinal cracks (i.e., cracks which propagate along the fibres). Usually, the cracking is related to the presence of various internal defects (voids, flows, imperfections, fibre debonds, microcracks, and cavities), mostly formed during the composite manufacturing [22, 23, 24, 25, 26, 27, 28, 29, 30, 31] . Similar damages may also arise during lifetime of the structure due to thermomechanical loads, fatigue or impact events. The defects and damages act as stress concentrators, from which crack initiation and propagation takes place in he fibre direction. The cracks may reduce significantly the strength and stiffness of the composite. Thus, the load-bearing capacity of a structure is highly dependent on the fracture toughness properties of the composite. The poor resistance to cracking is one of the major limitation factors for constructive applications of the composites. Therefore, the analysis of cracks in composites is an important problem of the fracture mechanics.
In the present paper, an overview is reported on the characteristic fracture studies for the last twenty years. Topical problems of fracture mechanics of composite materials are formulated.
Three basic approaches in fracture mechanics

Stress intensity factors
Cracks in composites are analyzed using the methods of fracture mechanics. The origin of fracture mechanics can be found in the fundamental work of Griffith [32] , who analyzed the strength of glass considering the stability of a small crack.
An important step in the development of fracture mechanics is the stress analysis in the vicinity of the uniaxially loaded crack (Fig. 1 ) performed by Westergaard [33] . He found that the stresses at a point P can be expressed as: where r and θ are polar coordinates, K I is the stress intensity factor for the crack opening mode, f i (θ) are trigonometric functions of the angle θ. The three pure modes of fracture are depicted in Fig. 2 . One may observe that the difference between them is in the pattern of crack deformation: opening of crack (mode I), in-plane shear of crack (mode II), and anti-plane shear of crack (mode III). Each pure mode of fracture is characterized by the corresponding stress intensity factor. For instance, since the crack in Fig. 1 is subjected to opening, the mode I stress intensity factor, K I , participates in the formulae for the stresses (1), (2), and (3). We have the stress intensity factor K II in the same way for the in-plane shear mode and for the anti-plane shear mode the stress intensity factor is K III . It should be noted that the expressions for stress distributions for cracks under pure mode II and pure mode III loading conditions are similar to Eqs. (1), (2), and (3). The most important parameter in these expressions is the stress intensity factor. Therefore, obtaining of solutions for the stress intensity factors for certain loading conditions and crack geometries is one of the basic problems of fracture mechanics [34] . Analyses of stress intensity factors can be found in Refs. [35, 36, 37, 38, 39, 40] . The stress intensity factors may be used to predict the onset of crack growth. For this purpose, the following criterion is applied:
where K I is the mode I stress intensity factor for the investigated crack geometry, K IC is the critical value of the stress intensity factor. K IC is known as fracture toughness. It is a material property which can be determined experimentally. The criteria for crack growth onset for other modes of crack loading are similar to Eq. (4). The major disadvantage of the stress intensity factor approach is that a crack tip stress field analysis is required.
Strain energy release rate
A more useful approach is the strain energy release rate. The strain energy release rate, G, for a body of constant thickness, b, is defined by:
where F is the load, ais the crack length. The system compliance is given by:
where δ is the displacement at the point of load application. It is obvious, that one may determine G by plotting C as a function of a and finding the curve slope, dC da , corresponding to the load value F . Thus, the basic advantage of Eq.
(5) is that crack tip stress field analysis is not needed. The function C = C(a) may be obtained from measurements on a fracture test specimen. Another way for obtaining the function C = C(a) is to find an analytical solution that relates the load F , to the corresponding displacement, δ (it should be noted that for interlaminar fracture test specimens such solutions usually may be found). It should also be mentioned that the strain energy release rate is related to the stress intensity factors K I , K II ,and K III . The relationship for a mode I crack under plane strain is:
where E and ν are the modulus of elasticity and the Poisson's ratio, respectively. The relationship for a mode II crack is similar to Eq. (7), i.e.:
In a case of mode III crack G III is related to K III by:
It is clear that if the strain energy release rate mode components are determined from experiments, Eqs. (7), (8) , and (9) may be applied to calculate the stress intensity factors (this is very useful in the cases when the crack tip stress field analysis is rather complicated).
The crack growth onset criterion for pure mode I loading conditions in the terms of strain energy release rate possess the form:
where G I is the strain energy release rate calculated for the considered crack configuration, G IC is the critical value of the strain energy release rate (G IC is a material parameter which can be determined from mode I fracture tests). The crack growth onset criteria for other modes of fracture are similar to Eq. (10). The total value of strain energy release rate for a crack under mixedmode loading conditions may be obtained by the method of superposition. Thus, for a crack under general mixed-mode I/II/III loading we have:
where G I , G II , and G III are the mode I, mode II, and mode III components of the strain energy release rate, respectively.
J-integral
The J-integral is another frequently used approach for analysis of cracks. This is a path-independent contour integral introduced by Rice [41] . It is shown, that the J-integral uniquely characterizes the fracture behaviour of non-linear materials [42, 43] . The J-integral is given by
where Γ is an arbitrary counter-clockwise path around the crack tip (Fig. 3) , w is the strain energy density, T i are the traction vector components, u i are the components of the displacement vector, and ds is a length increment along the path Γ. It should be specified that the traction vector defines the normal stresses acting at the contour. J is called a path-independent integral, because its value is independent of the integration path around the crack. The Jintegral can be used for both linear-elastic and non-linear elastic materials. The J-integral value is equal to the strain energy release rate for the case of linear-elastic behaviour. Thus, J for a mixed-mode I/II/III crack under plane strain may be determined using the relationship: An important advantage of the J-integral approach is that it may also be applied for analysis of cracks in elastic-plastic materials, provided no unloading occurs.
The crack growth onset criterion for mode I fracture using the Jintegral is expressed as:
where J IC is a material property which can be determined from experiments. Criteria for other modes of fracture are similar to Eq. (14) .
Fracture studies
It is a common practice to characterize the fracture behaviour of composite materials, using beam specimens. They contain an initial crack and are loaded properly in order to generate the desired mode of fracture. The test methods use pure and mixed-mode interlaminar fracture beam specimens. Therefore, fracture analysis of composite beams is an important issue not only from theoretical, bur also from practical view point.
Mode I interlaminar fracture has received considerable attention in specialized literature [44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62] .
The most frequently used test method for experimental investigation of such fracture is the Double Cantilever Beam (DCB) shown in Fig. 4 . The crosssection of the beam is a rectangular. In its middle plane the DCB specimen possesses an initial crack of length a. The specimen is loaded transversely as illustrated in Fig. 4 , so that pure mode I crack opening deformation occurs. The basic purpose of the testing is to determine the critical load value F C , which corresponds to the crack growth onset. F C is needed to calculate the critical value of the mode I strain energy release rate (i.e., the mode I fracture toughness) G IC , which is used in the criterion (10) . The following formula has been obtained applying linear-elastic fracture mechanics for the strain energy release rate in the DCB [58] :
where b and h are the width and the height of the specimen cross-section, respectively. E 1 is the longitudinal modulus of elasticity. The experimental data indicate that the relationship between the load and its application point is linear up to the crack growth onset [46] . Thus, linear-elastic fracture mechanics (which is based on the assumption for validity of the Hook's law) may be applied for analysis of G IC in the DCB specimen. The experimental data show also that the crack propagates straight along the initial crack direction, i.e. the crack path is a straight line. This is due to the fact that the crack propagates in the matrix parallel to the reinforcing fibres. An experimental and analytical investigation on the influence of the low temperature on the mode I interlaminar fracture behaviour of glass-epoxy laminates was conducted using the DCB test [63] . The fracture toughness was characterized in terms of the critical strain energy release rate using the compliance method. It was found that G IC can be related to the experimentally measured specimen compliance C, by the formula:
where F C is the critical load (at which the crack growth initiation is observed), α 1 is a parameter fitted to the test data, B and H are the width and the height of the specimen cross-section, respectively. The influence of low temperatures on mode I intrerlaminar fracture behaviour was investigated also by Humer et al. [64] . The interface between fibre reinforced plastics and copper in the crack opening mode of deformation was studied, too.
Mode I intrerlaminar fracture toughness of glass fibre reinforced composites with fibre surface treatment was studied using DCB specimens in Ref. [46] . A linear-elastic beam theory analysis was performed in order to calculate the strain energy release rate. The test data were analyzed also by the compliance method using Eq. (5). The effect of geometrical variations on the fracture behaviour was evaluated, too.
A beam model based on adhesion theory was developed to study the DCB specimen in Ref. [65] . A closed form solution was obtained to predict the external loads leading to intrerlaminar fracture. The results were compared with data available in the literature. It was found, that the model is very useful for parametric analyses of the interlaminar fracture behaviour of laminated beam structures.
The interlaminar fracture behaviour of continuous carbon fibre/epoxy composites under pure mode I crack loading is investigated using DCB test specimens in Ref. [66] . A beam theory analysis based on linear-elastic fracture mechanics was carried-out to calculate the mode I strain energy release rate.
Linear-elastic beam theory model was developed for analytical evaluation of the fracture toughness (defined as the critical strain energy release rate) from test data in Ref. [67] . Fracture testing was performed at a constant displacement rate. A graph of the load versus the displacement response was generated. The measured critical load value at the onset of the crack growth was used to obtain the fracture toughness by the compliance method. For this purpose, the specimen compliance was measured at various crack lengths. It was found that the compliance was related to the crack length by a power function:
where R and n are parameters which were determined using the method of least squires. Eq. (17) was differentiated with respect to the crack length. The result was substituted in Eq. (5), i.e.:
where F C is the measured critical load value at the onset of crack growth. Fracture toughness of carbon fibre reinforced composites was characterized in terms of critical strain energy release rate using the DCB test method in Ref. [68] . The experimentally obtained load-crack opening displacement diagrams were linear up to the point at which the crack growth initiation occurred. Liner-elastic fracture mechanics was applied to analyze the interlaminar fracture behaviour. Strain energy release rate was calculated from the test data using a beam theory model involving the crack opening displacement at the point of load application.
The relative displacements in the pure mode II crack deformation of the two arms are directed longitudinally, i.e. parallel to the crack direction (Fig. 2) .
Loading conditions for generating such mode of fracture can be achieved in the End Notch Flexure (ENF) beam specimen shown in Fig. 5 [69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80] . An initial interlaminar crack of length a is introduced in the beam middle plane. The beam is loaded in three point bending. It is obvious that the stress state of the two crack arms is antisymmetric with respect to the crack plane. The experiments show that when the load reaches its critical value F C , the crack propagates straight along the direction of initial crack [81] . The test data indicate also that the load-displacement diagram is linear up to the crack growth initiation. During the experiments it is observed that there are no residual (i.e., permanent) displacements in the ENF specimens, since the load-displacement diagram 'returns' to the origin of the coordinate system after unloading. These experimental findings are a clear indication for the applicability of linear-elastic fracture mechanics. The critical strain energy release rate for the ENF specimen is expressed as [46] :
where F C is the critical load (at which the crack growth begins), α is the crack length, δ is the displacement of the application point of load, b is the width of the beam cross-section. l is one half of the beam span. Eq. (19) is obtained using linear-elastic beam theory. Mode II interlaminar fracture behaviour of glass-cloth/epoxy laminates was studied in Ref. [81] . The effects of low temperature and geometrical variations were thoroughly analyzed. ENF tests were conducted using stroke control mode with a constant crosshead speed of 0.5 mm/min. Load-displacement curves were plotted for each tests. All specimens were split open after testing in order to examine the fracture surfaces by scanning electron microscopy. The mode II intrerlaminar fracture toughness was characterized in terms of the critical strain energy release rate using a beam theory model. The experimentally measured critical load values and the specimen compliance were needed for the application of the model.
The influence of fibre volume fraction on the mode II interlaminar fracture toughness of glass/epoxy composite was investigated by Davies et al. [82] . Mode II fracture tests were carried-out on ENF beam specimens with fibre volume fraction from 42% to 65%. The critical strain energy release rate was calculated by the compliance method. For this purpose, the following compliance expression was used:
where C is the specimen compliance, a is the interlaminar crack length. The mode II critical strain energy release rate was obtained applying Eq. (5) as:
where F C is the critical load, b is the specimen width, mis the slope of the compliance versus crack length plot. The analysis revealed that the fracture toughness decreases quite substantially with increasing fibre content. This finding was attributed to the thick resin rich layer in the low fibre content composites. The ENF test method was applied to study the interlaminar fracture behaviour of carbon/polyetheretherketone composites in Ref [83] . Special attention was paid to the influence of specimen geometry on the mode II fracture toughness. For this purpose, ENF specimens with various span-length-tospecimen-thickness ratios were tested. All tests were performed with a cracklength-to-span-length ratio of 0,5. The load-displacement curves were linear up to the crack growth initiation point for all tested specimens. Thus, a linearelastic beam theory model was applied to evaluate the mode II critical strain energy release rate from the test data. It was found that the interlaminar fracture behaviour was independent of specimen geometry, provided that the span-length-to-specimen-thickness is greater than 20 and that a film separator is inserted between the crack surfaces.
The mode II fracture toughness of carbon fibre composites was investigated via the ENF test also by Bullions et al. [68] . A support span to thickness ratio of 0.2 was used. The load was applied during testing to the specimens using a constant crosshead speed of 5.3 mm/min. All specimens exhibited linear-elastic behaviour confirming the applicability of Eq. (19) for calculation of G IIC .
The ENF specimens were used to obtain the mode II critical strain energy release rate of unidirectional glass fibre reinforced composite with fibre surface treatments [46] . The loading during the test was realized through a displacement rate of 1.0 mm/min. The critical load and the corresponding displacement were measured at the beginning of the crack growth. A conventional linear-elastic beam analysis was performed to calculate the G IIC .
Interlaminar fracture behaviour of alumina fibre reinforced epoxy laminates under mode II loading was investigated using the ENF beam specimen [84] . Both 3-point and 4-point ENF tests were conducted. The experimentally obtained specimen compliance was expressed as a function of crack length. The strain energy release rate was calculated by the compliance method.
The composite structures in the engineering practice very often are subjected to combined loadings which create conditions for initiation and growth of mixed-mode I/II interlaminar cracks. Therefore, it is important to develop methods for theoretical analysis and experimental characterization of mixedmode I/II interlaminar fracture behaviour. For this purpose, several specimen configurations and test procedures were proposed. Among them very popular is the Asymmetric Double Cantilever Beam (ADCB) specimen illustrated in Fig. 6 [85, 86, 87, 88, 89, 90, 91, 91, 92] . An initial crack of length a is introduced in the beam middle plane. The lower crack arm is loaded by a concentrated force F . The critical value of the total strain energy release rate can be calculated by the formula:
where F C is the critical load value at the onset of crack growth, E 1 is the longitudinal modulus of elasticity, b is the width of the beam cross-section. Eq. (22) is obtained using the conventional linear-elastic beam theory. It is found also, that the mixed-mode ratio G I /G II , is equal to 1,333 and is independent of the applied load and the crack length. The test data available in the literature indicates that linear-elastic fracture mechanics can be applied for analysis of the ADCB specimens [92] . Another widely used configuration for experimental investigation of mixed-mode I/II interlaminar fracture behaviour is the Mixed-Mode Bend (MMB) specimen presented in Fig. 7 [93, 94, 95, 96, 97, 98, 99, 100, 101, 102] .
The specimen has an initial interlaminar crack of length a located at the mid-thickness. A downward load is applied on the lever arm. Thus, the upper end block (at the cracked end of the specimen) is pulled upwards and a downward load is applied to the specimen centre. In this way, mixed-mode I/II crack loading conditions are generated. A linear-elastic beam theory analysis of the MMB specimen yielded the following expression for the critical value of the total strain energy release rate [103, 104] :
where b is the width of the specimen cross-section. The analysis revealed also that the mixed-mode ratio G I /G II , depends on the lever arm length c. The mixed-mode ratio can be varied also by changing the position of the loading roller D (Fig. 7) . Thus, the MMB specimen facilitates experimental characterization of mixed-mode I/II interlaminar fracture toughness over a wide range of mixed-mode ratios. Mixed-mode I/II interlaminar fracture experiments were conducted on unidirectional glass/epoxy laminates using MMB specimens in Ref. [102] . The strain energy release rate was calculated by Eq. (5). The experimental compliance law was expressed as:
where the material parameters α and β were determined by interpolating the measured load point compliances for different mixed-mode I/II ratios.
MMB test method was applied to study the mixed-mode I/II interlaminar fracture behaviour of a carbon/epoxy composite by Asp et al. [105] . A linear-elastic beam theory analysis was carried-out to calculate the strain energy release rate based on the obtained results from the experiments.
Influence of elevated temperature on fracture behaviour of a carbon/epoxy composite was studied in Ref. [106] . The MMB test was employed for investigation of mixed-mode I/II cracking. The interlaminar fracture toughness referred to the strain energy release rate is obtained at the crack growth initiation. The MMB specimen was analyzed by a model based on linear-elastic fracture mechanics.
Strain energy release rate can be calculated by the virtual crack closure technique for more complicated crack problems. This is a widely used approach which assumes validity of linear-elastic fracture mechanics [107, 108, 109] . Its application is based on results obtained by means of finite element analysis. The strain energy release rate components associated with the three basic modes of crack growth can be computed separately by this technique. The basic advantage of this technique is that it requires only one analysis by the finite element model for the actual crack length. The nodal forces at the crack tip and the nodal displacement behind the crack tip determined by the finite element analysis are needed to compute the strain energy release rate mode components. A two-dimensional finite element mesh in the crack tip area is presented schematically in Fig. 8 . Four-nodded elements are used. The virtual crack closure technique assumes that the work performed to closure the crack by one element is equal to the strain energy released when the crack grows by one element length. Therefore, at node b in Fig. 8 the strain energy release rate mode components can be expressed as:
where X and Y are the nodal force components, and u and v are the nodal displacement components in the x and y directions, respectively. The subscripts in Eqs (25) and (26) denote the corresponding nodes in Fig. 8 . The strain energy release rate mode components if the mesh is developed using eight-nodded elements (Fig. 9) are approximated by:
Let us now consider a 3-D problem. Schematic of crack front area is depicted in Fig. 10 . Eight-nodded spatial elements are used. The strain energy release rate mode components at node i can be expressed as:
where X, Y , and Z are nodal force components, and u, v, and w are nodal displacement components in the x, y, and z directions, respectively. The subscripts denote the corresponding nodes shown in Fig. 10 . When the model is meshed using twenty-nodded finite elements (Fig. 11 ) the mode components of the strain energy release rate can be obtained as: Fig. 11 . Three-dimensional mesh scheme with twenty-nodded elements in crack front area
Another method for strain energy release rate calculation is the crack closure technique. The application of this technique requires two analyses by the finite element model. The first analysis which is performed just prior to crack growth yields the nodal forces at the crack tip. The crack advance is simulated in the second analysis by releasing the crack tip nodes. The second analysis provides the corresponding nodal displacement needed to calculate the strain energy release rate mode components. The crack closure technique assumes that the nodal forces, obtained in the first analysis, are forces needed to closure the crack. The work performed during the process of crack closure can be calculated by multiplying one half of the nodal forces with the corresponding nodal displacements. The strain energy release rate mode components at node c in Fig. 8 can be obtained by the formulae:
where δu and δv are the differences in the nodal displacement components. The mode components of the strain-energy release rate if eight-nodded elements are used (Fig. 9) can be defined as:
The strain energy release rate mode components for the 3-D crack problem shown in Fig. 10 can be expressed as:
The node components of the strain energy release rate for a mesh developed using higher ordered elements (Fig. 11) can be calculated as:
The total strain energy release rate G, is calculated from the mode components as:
where G III = 0 for the 2-D cases presented in Figs 8 and 9.
The virtual crack closure technique was used for solving a variety of fracture problems [46, 110, 111, 112] . Mode I, mode II, or mixed-mode I/II cracks were considered in most of the cases. 2-D finite element models were developed for this purpose.
The virtual crack closure technique was applied to analyze the strain energy release rate from pure mode I through various mixed-modes I/II up to pure mode II crack loading conditions in Refs [113, 114] . Interlaminar fracture behaviour of a glass/epoxy composite was studied using the compound version of the Compact Tension Shear (CTS) specimen (Fig. 12) . The load F is applied by a special loading device under an arbitrary angle α with respect to the specimen. A full range of mixed-mode crack loading conditions can be achieved by changing angle α from pure mode I (α = 0) through various mixed-mode I/II loadings (0 • < α < 90 • ) up to pure mode II (α = 90 • ). The composite specimen (a strip with an initial interlaminar crack of length a) is glued into the end blocks which carry the applied loads. The basic advantage of the CTS test method is that all in-plane loading conditions can be achieved using only one type of specimen. The loading was applied using a constant displacement rate of 0.5 mm/min during the testing. The measured critical load at the crack growth initiation was used to calculate the strain energy release rate mode components by the virtual crack closure technique. 2-D finite element simulations were conducted of the CTS specimen for this purpose. The nodal force at the crack tip and the nodal displacements behind it generated by the finite element simulations were substituted in the equations of the virtual crack closure technique to obtain the separated strain energy release rates. It was found that the critical strain energy release rate for pure mode II loading conditions was about 9 times higher than that for pure mode I loading. The calculation revealed also that the critical strain energy release rates for mixed-mode I/II loading conditions are between those for the pure modes. The results obtained for pure mode I and pure mode II loading conditions by the CTS specimen were compared with the results generated by the DCB (for mode I) and the ENF (for mode II), respectively. A mixedmode I/II fracture criterion was formulated for the composite material under consideration on the basis of the CTS test results.
Fracture behaviour of composites can also be studied using micromechanical models [115] . In general, these models are based on assumptions for uniform distribution and periodic packing of the fibres. The concept of representative cell is widely applied in micromechanics. This concept is very convenient from computational point of view since the composite can be investigated by considering only a representative unit cell limited by the planes of symmetry. The unit cell is analyzed by the finite element method. The micromechanical models are suitable also for examination of the local details of the stress state of the composite. It should be mentioned, that these details can not be measured directly through experiments. However, the local stress field illustrates the reason and the pattern of the composite failure (for instance, the stress concentration and redistribution are crucial for the crack initiation and crack growth).
Although mode III interlaminar fracture behaviour has received comparatively less attention, some advance has been done for the last two decades [116, 117, 118, 119, 120, 121, 122, 123] .
Becht and Gillespie proposed a mode III fracture test called the Crack Rail Shear (CRS) specimen. Design and analysis of the CRS test method is presented in Ref. [124] . The specimen geometry is shown in Fig. 13 .
In general, the specimen configuration is similar to the two-rail shear test for characterization of the in-plane shear properties of continuous fibre reinforced composites. Kapton film placed symmetrically about the specimen midplane serves as the initial interlaminar crack. The following analytical expression for the strain energy release rate assuming a pure shear stress state and using a strength-of-materials approach was obtained:
where G ′ is the shear modulus, L, h, and b are the length, thickness of the strap section, and total thickness of the specimen, F is the applied load (Fig. Fig. 13 . Crack rail shear specimen.
13). The strain energy release rate was evaluated also using the compliance method. Single crack CRS specimens were used to characterize the interlaminar mode III critical strain energy release rate of composites in Ref. [125] . The specimen geometry and loading are illustrated in Fig. 14 . It is obvious, that the specimen is very similar to the double crack version of the CRS test shown in Fig. 13 . A procedure was developed to determine the critical load value using experimental results. The fracture surface morphology was observed by a Scanning Electron Microscope upon completion of the experiments. Threedimensional linear-elastic finite element analysis of the single crack CRS spec-imen was carried-out. The strain energy release rate mode components were calculated by the crack closure technique.
The major drawback of the CRS test is the low compliance of the specimen. Another method for characterizing mode III interlaminar fracture toughness is the Split Cantilever Beam (SCB) specimen. Geometry and loading of the SCB is depicted in Fig. 15 . It is obvious that the SCB is similar to the DCB specimen, except that the loading direction is parallel to the interlaminar crack plane. Fig. 15 . Split cantilever beam specimen SCB specimens were used by Donaldson for mode III interlaminar fracture characterization of fibre reinforced composites [121] . The unidirectional composite was bonded between two aluminium bars. The specimens contained initial interlaminar cracks of length a, located at their midplane. The crack arms were loaded in opposite directions at a constant displacement rate of 0.5 mm/min. Stable crack growth was achieved. Load-displacement diagrams recorded during the experiments were linear until crack growth occurred. Crack tip positions were monitored on the upper and the lower specimen surfaces throughout the test. It was found, that crack lengths on both specimen surfaces were almost equal. No plastic deformation occurred. The fracture toughness was studied in terms of the critical strain energy release rate. The effect of laminate thickness and beam depth were investigated. The calculated mode III fracture toughness was roughly double the mode II value and nine times the mode I value for the composite under consideration.
The SCB specimen was analyzed by Martin using linear-elastic fracture mechanics [122] . Also, experiments were conducted using SCB specimens manufactured by unidirectional glass/epoxy composites. The tests were carried-out under displacement control at a cross head rate of 0.5 mm/min. The onset of crack growth from the initial interlaminar crack was observed at the end of the linear part of the load-displacement plot recorded during the testing. The load-displacement plot 'returned' in the origin of the coordinate system after unloading for all tests. The crack surfaces of the specimen were examined using a scanning electron microscope after testing. Tangled fibres were observed in the central area of the crack front which was an indication that in this area interlaminar fracture was in mode III. However, shear hackles at the edge of the specimen caused by mode II fracture were found. Therefore, it was concluded that the SCB configuration is not a pure mode III interlaminar fracture test.
An improved mode III interlaminar fracture test for composites was developed in Ref. [123] . The test method uses a configuration similar to the SCB specimen. A special test jig was manufactured to ensure elimination of the unwanted mode II component at the edges of the crack of the crack front. The basic idea is that the mode II can be eliminated by reducing the bending moments at the crack front area to zero. The SCB composite specimen was bonded into a deep recess in high strength aluminium bars to apply the required loading pattern. Two forces were applied to each crack arm using a beam which was connected to the specimen at two suitably chosen positions. In this way, crack front area bending moments in the two arms were reduced to zero. The improved mode III test method was used to investigate interlaminar fracture behaviour of unidirectional carbon/epoxy composite. Initial cracks were formed by incorporating Teflon film at the midplane of each specimen. The tests were performed at a constant cross-head displacement rate of 0,5 mm/min. Six specimens were tested. Load-displacement plots were recorded for each test. In all cases the plots were linear to delamination crack growth onset. Very good repeatability of the experimental data was achieved. Fracture surfaces of the modified SCB specimens were examined by a scanning electron microscope. No mode II shear hackles were observed along the initial crack front position. It was found that in the area near the edge the resin was pulled away from the fibres. In the central area of the specimen the fibres were partially covered by the resin. This variation in fracture surface characteristics was attributed to the non-uniform distribution of the strain energy release rate along the crack front. Three-dimensional linear-elastic finite element simulations were performed in order to evaluate the strain energy release rate in the improved version of the SCB specimen. The mode components of the strain energy release rate were calculated via the finite element model using the virtual crack closure technique. It was found that the delamination crack growth was essentially pure mode III. The effect of composite specimen width on the mode III inretlaminar fracture was studied. It was found, that the strain energy release rate distribution is more uniform along the crack front in narrow specimens.
Another modification of the SCB specimen was developed in Ref. [126] . Two forces are applied directly to each crack arm of the SCB specimen, as illustrated in Fig. 16 in order to achieve pure mode III crack loading conditions. For this purpose, a pair of identical grips is used to load the crack arms. The complex loading configuration is necessary to reduce the mode II component by eliminating the bending moments in the delamination front area of the two crack arms (i.e., the bending moments in the delamination front area induced by the two forces are equal and opposite). The modified SCB specimen was used to investigate mode III delamination fracture behaviour of carbon fibre reinforced epoxy composite. The experimentally obtained loads-displacement diagrams were linear up to the crack growth initiation point. The delamination fracture surfaces were studied by a scanning electron microscope. Three dimensional finite element simulations of the SCB were carried-out. Linear-elastic fracture mechanics was used. The virtual crack closure technique was applied to calculate the separated mode components of the strain energy release rate along the delamination crack front. It was found that the mode III component dominated the fracture (a small amount of mode II components was present only in a zone near the edges of the specimen).
The modified SCB test method was used to investigate the influence of low temperatures on the mode III interlaminar fracture behaviour of glass fibre reinforced polymer woven laminates in Ref. [127] . The investigation was motivated by the fact that laminated composites have been used recently as structural members at low temperature environments. The basis for the investigated composite is the glass fabric of E-glass. The matrix is a bisphenol-A epoxy resin. Teflon film was inserted along the edge of the laminate in order to provide the initial midplane delamination crack. The SCB specimens were cut from the woven glass-epoxy laminates. The length of the initial crack was chosen to be five times the height of the SCB cross-section. Mode III delamination fracture tests were carried-out using a rig consisting of two steel plates with adjustable loading positions to accommodate SCB specimens with different initial crack lengths. Schematic of one loading plate and specimen is depicted in Fig. 17 . The modified SCB test set-up is shown in Fig. 18 . The potential for mode I fracture was eliminated by constraining the loading plates with rigid clamps, attached with minimum clamping pressure.
All tests were conducted using a cross-head speed of 0.6 mm/min. The resulted load-displacement diagram was recorded automatically during the testing. The fracture surfaces were examined using a scanning electron microscope in order to verify the failure mechanisms.
A micrograph of the central section of the delamination fracture surface is shown in Fig. 19 . It can be observed that the mode II shear hackles are relatively limited in this section, which is an indication that the fracture is mode III dominated. An area of the fracture surface near the edge of the SCB specimen is reported in Fig. 20 .
Numerous mode II shear hackles can be observed, which is evidence that in this area the interlaminar crack grows under mixed-mode I/II conditions. A three-dimensional finite element model of the SCB specimen was set-up in order to analyze the distribution of the strain energy release rate mode components along the interlaminar crack front. The numerical model was based on the geometry and the dimensions of the specimen used in the experimental investigation. The composite was modelled as a linear-elastic orthotropic material. The strain energy release rate was calculated using the virtual crack closure technique. The results obtained were verified by the crack closure technique. The stress intensity factors along the delamination crack front were evaluated using a solution proposed by Sih et al. [128] . The following relationships were applied: 
where E x , E y , E z , G xy , G yz , and G zx are the elastic properties of the composite material, G II and G III are the mode II and mode III components of the strain energy release rate, K II and K III are the mode II and mode III stress intensity factors, respectively. It should be noted that the mode I stress intensity factor is zero, because in the modified version of the SCB specimen the fracture occurs under mixed-mode II/III crack loading conditions. Formulae (47) and (48) were applied at each node along the delamination front in order to obtain the distribution of the stress intensity factors (once the mode components of the strain energy release rate were calculated by the virtual crack closure technique). The distribution of K II and K III is reported in Fig. 21 . 
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